A large percentage of redox-responsive gene promoters contain evolutionarily conserved guanine-rich clusters; guanines are the bases most susceptible to oxidative modification(s). Consequently, 7,8-dihydro-8-oxoguanine (8-oxoG) is one of the most abundant base lesions in promoters and is primarily repaired via the 8-oxoguanine DNA glycosylase-1 (OOG1)-initiated base excision repair pathway. In view of a prompt cellular response to oxidative challenge, we hypothesized that the 8-oxoG lesion and the cognate repair protein OGG1 are utilized in transcriptional gene activation. Here, we document TNF␣induced enrichment of both 8-oxoG and OGG1 in promoters of pro-inflammatory genes, which precedes interaction of NF-B with its DNA-binding motif. OGG1 bound to 8-oxoG upstream from the NF-B motif increased its DNA occupancy by promoting an on-rate of both homodimeric and heterodimeric forms of NF-B. OGG1 depletion decreased both NF-B binding and gene expression, whereas Nei-like glycosylase-1 and -2 had a marginal effect. These results are the first to document a novel paradigm wherein the DNA repair protein OGG1 bound to its substrate is coupled to DNA occupancy of NF-B and functions in epigenetic regulation of gene expression.
Oxidatively modified DNA base lesions generated by reactive oxygen species (ROS) 6 are genotoxic and mutagenic and implicated in various human pathologies (1) . Although the levels of the base lesions in DNA vary according to sequence context, chromatin accessibility, and the nature of the oxidants, 7, 8-dihydro-8-oxoguanine (8-oxoG) is the most abundant lesion due to guanine's lowest redox potential among the four nucleobases (2, 3). 8-OxoG and its open-ringed product 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) are primarily repaired by 8-oxoguanine DNA glycosylase-1 (OGG1) during the DNA base excision repair pathway (BER), a well studied process (4, 5) .
When OGG1-initiated BER is overwhelmed and/or repair efficiency is decreased, 8-oxoG accumulates in the genome, which has been associated with heritable mutations and altered cellular/tissue homeostasis, diseases, and aging processes (1, 6) . Indeed, supra-physiological levels of 8-oxoG in the genome of Ogg1-null (Ogg1 Ϫ/Ϫ ) mice (7, 8) are associated with mis-regulation of gene expression leading to aberrant immune responses (9 -11) and metabolic disorders (12) . These conditions may be explained by a lack of OGG1, whose role in activation of small GTPases and downstream signaling has been documented (13) (14) (15) (16) . Studies have also shown that localized demethylation produces ROS, which generates 8-oxoG and the recruited OGG1 and topoisomerase II ␤ that are essential for estrogen-induced gene expression (17, 18) . A temporal association of OGG1 with the introduction of DNA single strand breaks (ssbs) in sequences adjacent to hypoxia-response elements and gene expression was also documented (19) . A recent study showed OGG1 to function as a coactivator for signal transducer and activator of transcription 1 (STAT1) (20) .
Regulatory regions (Ͼ70%) of RNA polymerase II-dependent genes (e.g. proto-oncogenes, growth factors, chemokines, and cytokines) are guanine-rich (21, 22) . Moreover, binding sites of transacting factors (TFs; e.g. specificity protein 1 (SP1), nuclear factor B (NF-B), activator protein 1, transcription factor E2F)) contain runs of guanines. For example, NF-B, a master regulator of gene expression necessary for inflammatory response, cell proliferation, and differentiation (23) (24) (25) , classically binds to DNA sequences that contain three or more guanines (5Ј-GGGRNYYYCC-3Ј; where R is purine; Y is pyrimidine, and N can be any nucleotide) (26 -28) . It has also been shown that guanine lesions (particularly 8-oxoG) can either change the sequence context (due to its mutagenicity) of the TF-binding site or directly modulate DNA-protein interactions and thus gene expression (28) .
Our recent studies show that in OGG1-expressing cells there was enhanced association of NF-B, SP1, transcription initiation factor II-D (TFIID), and phosphorylated-RNA polymerase II with promoter compared with those in OGG1-depleted cells (29) . Here, using chromatin immunoprecipitation (ChIP), ChIP-sequencing, Flare-PCR, RT-PCR, and electromobility shift as well as reporter assays, we tested whether OGG1 bound to its genomic substrate is utilized for gene expression in oxidatively stressed cells. As an example, NF-B's DNA occupancy was studied. We showed that TNF␣-induced ROS increased levels of oxidatively modified guanines and OGG1's association preferentially with proximal promoter regions, which precede the association of NF-B with its motif. OGG1 binding to 8-oxoG, 8 -11 bp 5Ј from the NF-B motif robustly increased its DNA occupancy. These intriguing observations along with other data shown here suggest that base lesion 8-oxoG and its cognate repair enzyme OGG1 act cooperatively with NF-B binding to promote prompt gene expression upon oxidative exposure.
Results

TNF␣ Induces an Association of Both OGG1 and NF-B with
Promoter Sequences-Our previous studies have documented an increased association of transacting factors (TFIID, SP1, and NF-B) with promoter in OGG1-expressing cells (29) . To further explore these observations, we examined the stimulusdriven engagement of OGG1 with gene regulatory sequences and its potential role in NF-B binding. FLAG-OGG1-expressing cells were TNF␣-exposed and ChIP-ed using anti-FLAG (OGG1) and anti-RelA(NF-B) antibodies (Ab). qPCR amplification of the proximal promoter segment of the TNF (where TNF indicates the human promoter and gene) in anti-FLAG (OGG1)-Ab-ChIP-ed DNA was increased by an average of 3.2-, 16.5-, and 10.6-fold at 15, 30, and 60 min after TNF␣ addition, respectively ( Fig. 1A ). In the DNA ChIP-ed with anti-RelA(NF-B) Ab, the level of an identical segment of the TNF promoter was increased by an average of 1.8-, 4.4-, and 4.9-fold at 15, 30, and 60 min post-exposure, respectively ( Fig. 1A) . TNF␣ exposure also enriched levels of TNF, CCL20, and CXCL1 promoter (where CCL20 is CC chemokine ligand 20 gene/promoter, and CXCL1 is chemokine (CXC motif) ligand-1 (GRO ␣) gene/promoter) segments in (OGG1)-Ab ChIP-ed DNA by an average of 16.8-, 14.2-, and 15.9-fold (30 min), respectively (Fig. 1B) . The Ab to RelA(NF-B)-enriched levels of promoter sequences by an average of 5.1-, 5.8-, and 6.2-fold for TNF, CCL20, and CXCL1, respectively ( Fig. 1B, 30 -min time point is shown). The Ab to OGG1-enriched levels of the ␤2-microglobulin (where is B2M human ␤2-microglobulin gene) promoter segment by 12.1-fold, whereas RelA(NF-B) Ab did not do so. The latter is in line with the lack of an NF-B-binding site in the B2M proximal promoter region (30) . These data strongly imply a stimulus-dependent association of both OGG1 and NF-B with promoter sequences.
To test for a possible association between OGG1 and NF-B in enrichment on promoter sequences, OGG1-depleted and OGG1-expressing cells (where OGG1 is human 8-oxoguanine DNA glycosylase-1 gene/mRNA and Ogg1 is mouse 8-oxoguanine DNA glycosylase-1 gene/mRNA (as indicated)) were TNF␣-exposed, and ChIPs were performed using Ab to RelA(NF-B). In OGG1-depleted cells, enrichment of the TNF promoter in ChIP-ed DNA was nearly identical to that of pre-TNF␣ exposure levels (Fig. 1C ). In OGG1-expressing cells, promoter enrichment in ChIP-ed DNA was significantly increased (4.7 Ϯ 0.9; 30-min time point is shown). Depletion of NEIL1 and NEIL2 DNA glycosylases (mammalian orthologs of Escherichia coli Nei (31), Fig. 1D , right panel) had some, but not a significant, effect on NF-B binding to the TNF promoter ( Fig. 1D ) implying that the association of NF-B with the proximal promoter of TNF is primarily linked to OGG1 in TNF␣-exposed cells.
To further investigate these unexpected observations, we utilized ChIP sequencing. FLAG-OGG1-expressing cells were TNF␣-exposed for 0, 15, 30, and 60 min, and ChIPs were performed using Abs to RelA(NF-B) or OGG1 (anti-FLAG Ab). ChIP-ed DNA was sequenced and analyzed as described under "Experimental Procedures." As found with ChIP-coupled PCR ( Fig. 1 , A-D), fold increases in enrichment (Integrative Genomics Viewer; IGV) revealed that at time 0 there was a low level association of OGG1 with the TNF promoter; however, at 15 min OGG1 occupancy increased (ϳ7-fold), but NF-B was only 1.8-fold. After 30 min of exposure, OGG1 was enriched by ϳ14fold, whereas NF-B showed an ϳ5-fold increase. At 60 min, OGG1 level decreased, whereas NF-B showed an ϳ3-fold enrichment on the promoter (Fig. 1E ). IGV also showed that NF-B enrichment peaks were aligned with its putative binding sites ( Fig. 1E ). Sequence alignment predicted that the enrichment peaks of OGG1 were primarily aligned with guanine runs in close proximity to the NF-B motifs on the TNF promoter ( Fig. 1E) . Similarly, NF-B and OGG1 were enriched on regulatory sequences of CXCL1 and CCL20 (Fig. 1F , OGG1 is shown). We note that against our expectations there were no significant levels of engagement of OGG1 with exons, introns, or untranslated regions of TNF, CXCL1, and CCL20, and genome-wide distributions of OGG1 and the NF-B enrichment sites were similar. As an example, we show the distribution of OGG1 and NF-B at TSS-adjacent sequences (Ϯ2000) ( Fig. 1E , inset; 30 min) at the whole genome level, the significance of which is being further investigated.
As putative DNA-binding motifs for OGG1 cannot be found, we examined levels of OGG1 substrate(s) 8-oxoG in the TNF promoter surrounding NF-B-binding motifs (as example), using "Flare"-qPCR (29, 32) . DNAs were isolated at 0, 10, 20, 30, 60, and 120 min after TNF␣ exposure, and a promoter region (Ϫ350 to Ϫ21 bp) was PCR-amplified prior to and after OGG1 digestion. Compared with time 0, OGG1 digestion of DNA significantly decreased the levels of PCR product between 20 and 30 min of TNF␣ exposure ( Fig. 1G, left panel) . OGG1 digestion also decreased levels of similar size PCR products of CCL20, CXCL1, and B2M promoters ( Fig. 1G , right panel, 30-min time point is shown), suggesting an accumulation of OGG1's substrate in regions. Kinetic changes in levels of Flare-PCR promoter products are in line with changes in TNF␣-induced intracellular ROS levels, which are similar to those previously documented (29, 33) .
To address whether 8-oxoG accumulation in promoter(s) was due to both ROS and decreases in OGG1's enzymatic activ-FIGURE 1. Binding of NF-B to promoters is OGG1-dependent. A, TNF␣-induced enrichment of OGG1 and NF-B on TNF promoter. Cells expressing FLAG-OGG1 were mock-or TNF␣-exposed, and ChIP was performed at 0, 15, 30, and 60 min using anti-FLAG(OGG1) or anti-RelA(NF-B) Ab. Uncross-linked DNA was subjected to PCR amplification as described under "Experimental Procedures" (n ϭ 4). B, TNF␣-induced enrichment of OGG1 and NF-B on CCL20, CXCL1, and B2M promoters. Cells expressing FLAG-OGG1 were mock-or TNF␣-exposed, and ChIP was performed at 30 min using anti-FLAG(OGG1) or anti-RelA(NF-B) Ab. Uncross-linked DNA was subjected to PCR amplification of TNF, CCL20, CXCL1, and B2M promoters as described under "Experimental Procedures." C, OGG1 expression-dependent enrichment of NF-B on TNF promoter. OGG1 expression was down-regulated by siRNA (scrambled siRNA was used as a control, see under "Experimental Procedures"), and cells were TNF␣-exposed. ChIP was performed at 30 min using anti-RelA(NF-B) Ab (in controls, IgG). The levels of the TNF promoter in ChIP-ed DNA were determined by qPCR. The upper panel is a graphical depiction of changes in NF-B binding to the TNF promoter in the presence and absence of OGG1 (n ϭ 3). Lower panel, ethidium bromide-stained agarose gel from a representative experiment. Inset, cells were transfected with control and target-specific (OGG1) siRNA. At 48 h thereafter, cells were lysed to prepare protein extracts, and levels of OGG1 were determined by Western blotting. D, OGG1 depletion, but not that of NEIL1 or NEIL2, decreases NF-B's association with promoters. NEIL1, NEIL2, or OGG1 expression was downregulated by siRNA as described under "Experimental Procedures," and cells were TNF␣-exposed. ChIP was performed using Ab to RelA(NF-B). The levels of TNF promoter in ChIP-ed DNA were determined by qPCR (30-min time point is shown). E, enrichment of OGG1 and NF-B on the TNF promoter. FLAG-OGG1expressing cells were TNF␣-exposed and ChIP-ed at 0, 15, 30, and 60 min using Abs against RelA(NF-B) or FLAG(OGG1). ChIP-ed DNA was subjected to sequencing, and sequence data were analyzed as described under "Experimental Procedures." Images are directly taken from the Integrative Genomics Viewer. Enrichment levels (fold) of OGG1 and NF-B for each time points are shown (left-hand side). Blue, green, and red bars are positions of NF-B-binding motifs in promoter. Inset, distribution of OGG1 and NF-B on TSS-adjacent sequences Ϯ2000 bp at whole genome level. F, enrichment of OGG1 at the CXCL1 and CCL20 promoters. FLAG-OGG1-expressing cells were TNF␣-exposed and ChIP-ed using Ab FLAG(OGG1), and ChIP-ed DNA was sequenced (see under "Experimental Procedures"). Images show enrichment peaks of OGG1 at 30 min after TNF␣ exposure of cells. Images are directly taken from the Integrative Genomics Viewer. Red bars within CXCL1 and CCL20 promoter regions are the locations of NF-B-binding motifs. G, OGG1 digestion decreases qPCR product levels of TNF, CCL20, CXCL1, and B2M promoters. Cells were exposed to TNF␣ (20 ng/ml) for various lengths of time, and then the isolated DNAs were OGG1-digested and subjected to qPCR as under "Experimental Procedures" (n ϭ 3). H, TNF␣ exposure of cells induces oxidative modifications of OGG1 and decreases its enzymatic activity. FLAG-OGG1-expressing cells were TNF␣-exposed, and nuclear extracts were made in the presence or absence of DCP-Bio1 (a cysteine sulfenic acid-reacting agent). Levels of DCP-Bio1-tagged OGG1 were determined by streptavidin-coupled chemiluminescence. Total OGG1 levels were determined by immunoblotting using Ab to FLAG (OGG1). Lower panel: enzymatic activity of OGG1 is decreased in TNF␣-exposed cells. NE was isolated at the 30-min post-exposure, and OGG1's excision activity was determined in the presence or absence of DTT in the reaction buffer, as described under "Experimental Procedures." * ϭ p Ͻ 0.05; ** ϭ p Ͻ 0.01; *** ϭ p Ͻ 0.001; Cells used are as follows: HEK293; CCL20, promoter of that chemokine (C-C motif) ligand 20 gene; CXCL1, promoter of chemokine (CXC motif) ligand 1 gene; B2M, promoter of ␤2-microglobulin gene; NEIL1, gene human Nei-like DNA glycosylase-1; NEIL2, gene human Nei-like DNA glycosylase 2; OGG1, gene of human 8-oxoguanine DNA glycosylase.
ity, FLAG-OGG1-expressing cells were exposed to TNF␣, and nuclear extracts (NEs) were prepared in the presence or absence of a cysteine sulfenic acid-reacting agent DCP-Bio1 (29, 34) . The levels of DCP-Bio1-linked FLAG-OGG1 protein were determined using IP-coupled Western blotting (see under "Experimental Procedures"). Fig. 1H (left panel) shows a transient increase in cysteine sulfenic acid-containing OGG1, which temporally correlated with increases in 8-oxoG levels in TNF promoter regions (Fig. 1G ). In parallel experiments, 8-oxoG incision activity of OGG1 was under detectable levels ( Fig. 1H , right panel, 30-min time point was analyzed) in NEs isolated from TNF␣-exposed cells. However, the activity of OGG1 was regained after the addition of DTT to the NEs (Fig.  1H, lower panel) . These data together imply that TNF␣-induced ROS cause both accumulation OGG1 substrate and a decrease in OGG1's enzymatic activity, which explains enrichment of OGG1 on promoters ( Fig. 1, A-F) .
NF-B DNA Occupancy Is Modulated by OGG1-Given our data showing OGG1-dependent enrichment of NF-B on TNF promoter sequences (ChIP-qPCR; Fig. 1 , A-C, E, and F), we first tested whether all putative NF-B binding sequences bind homo-and heterodimeric forms of NF-B. NEs from TNF␣exposed cells were subjected to EMSA using biotin-labeled 31-bp-long probes containing each of the three putative NF-B motifs (located between Ϫ98 and Ϫ88 bp, 5Ј-GGGGCTG-TCC-3Ј; Ϫ214 and Ϫ204 bp, 5Ј-GGGGTATCC-3Ј; and Ϫ598 and Ϫ588 bp, 5Ј-GGGGTTTCTCC-3Ј). The extensive NF-B binding to these motifs was specific as they were competed out by excess (100-fold) unlabeled probe containing a canonical NF-B motif (5-GGGATCATTCCC-3Ј) ( Fig. 2A) (26) . Time course studies also show that activated NF-B fully entered the nucleus from cytoplasm, as there were no further increases in the formation of the NF-B-DNA gel-shift complexes from 15 min onward ( Fig. 2B ).
To explore the possibility that OGG1 facilitates NF-B binding, we selected a 31-bp promoter segment of the TNF promoter surrounding an NF-B-binding motif (5Ј-GGGGTATC-C-3Ј) located between Ϫ214 and Ϫ204 bp from TSS. Guanines within and outside of the NF-B-binding motifs were individually replaced with the OGG1 substrate 8-oxoG in the sense (5Ј-TG 7 GGG 8 AGTGTG 5 AG 1 G 2 G 3 G 4 TATCCTTG 6 ATGC-TTG-3Ј) and complementary (3Ј-ACCCCTCACACTCCCCA-TAG 9 G 10 AACTACG 11 AAC-5Ј) strand. In designing probes, we kept in mind that charges are usually trapped at the 5Ј end of guanine runs (35, 36) , and thus 8-oxoG at G 1 , G 7 , and G 10 positions could potentially exist in chromatin. The 8-oxoG-containing synthetic DNAs (probes) are numbered from G1 to G11. The probe lacking 8-oxoG is designated as wild type (WT).
NEs were isolated from TNF␣-exposed OGG1-expressing cells, and EMSAs were performed using individual probes. Compared with the WT probe, an 8-oxoG lesion within the p50-p50 interacting sequences (probes: G1, G2, G3, and G4) of the NF-B motif decreased DNA occupancy of both p50-p50 and p50-p65 dimers (Fig. 2C ). Similar decreases in NF-B binding were observed, when OGG1's substrate 8-oxoG was placed within a complementary strand (probe: G9 and G10). Likewise, 8-oxoG adjacent to the NF-B motif (probes: G5 and G6) or at 5 bp distance (probe: G11) of the binding sequence ( Fig. 2C ) in the complementary strand DNA decreased the occupancy of NF-B's homo-and heterodimers. In contrast with OGG1 substrate being 8 and 11 bp upstream in the sense strand (G7 and G8 probes) from the NF-B motif, the binding of both homoand heterodimers became significantly increased. Extensive NF-B binding to G7 and G8 was specific because it can be prevented by excess "cold" probe ( Fig. 2D ) containing an IB motif (37) . Quantification analysis showed that the G7 probe occupancy by heterodimers (p50-p65) was 25.5 times (Ϯ5.1) higher than the WT probe. The p50-p50 occupancy of G7 was 16.5 Ϯ 1.3 times higher than that of WT ( Fig. 2E, inset) . These results suggest a role of 8-oxoG-bound OGG1 in regulating DNA occupancy of NF-B.
In control experiments, to test the possibility that 8-oxoG itself affects the DNA occupancy of NF-B (38), we utilized recombinant NF-B proteins (p50 R and RelA(p65) R , for binding studies. Subunits p50 R and RelA(p65) R were preincubated for annealing (see under "Experimental Procedures") at 37°C for 60 min, and occupancy by NF-B of WT and 8-oxoG-containing probes was examined using EMSA. Compared with the WT probe, the DNA occupancy of p50-p50 R homodimer was not affected by 8-oxoG being at positions G 1 , G 3 , G 5 to G 8 , and G 11 . However, 8-oxoG in the G 2 , G 4 , G 9 , and G 10 positions decreased binding of p50-p50 R (Fig. 2F ). Interestingly, compared with the WT, p50-RelA(p65) R showed a decrease in DNA occupancy on all probes except G1, G3, G2, G6 and G11 (Fig.  2F ). Importantly, 8-oxoG in the G7 and G8 probes did not increase in NF-B's DNA occupancy compared with WT probe.
To further evaluate the potential role of OGG1 in modulating NF-B's DNA occupancy, we selected G1 and G7 probes because 8-oxoG located at the 5Ј end of guanine runs within the NF-B-binding site (G1) and 11 bp upstream (G7) representing scenarios that may occur on promoters. By using NEs from OGG1-expressing cells, NF-B DNA occupancy on the G1 probe was low, but G7 occupancy was robust ( Fig. 2G , upper panel) compared with that of the WT probe, as predicted from results shown in Fig. 2 , C-E. NF-B binding to G7 probe was decreased in NEs isolated from Ogg1 Ϫ/Ϫ cells compared with its binding in NEs of Ogg1 ϩ/ϩ cells (Fig. 2G, lower panel) . In contrast, using the G1 probe, we consistently observed increased NF-B-G1(DNA) complex in crude NE isolated from cells lacking OGG1 (Fig. 2H, lane 4) . As predicted from the above results, OGG1 depletion decreased the binding of NF-B homo-and heterodimers to G7 (Fig. 2I, lane 2 versus lane 3) . Together, these results suggest that binding of OGG1 to 8-oxoG outside its DNA footprint (39, 40) from the NF-B sequence motif is increased, although binding within interfered with NF-B's DNA occupancy. Because in OGG1-expressing cells both proteins are present in crude NEs, these data also mean that OGG1 has a higher affinity to 8-oxoG compared with that of NF-B's affinity to its binding motif. To exclude the possibility that the decreased DNA occupancy of NF-B was associated with an impairment in its nuclear translocation in OGG1-depleted cells, we showed that the levels of NF-B in the nuclear compartment were similar between OGG1-depleted and -expressing TNF␣-exposed cells (Fig. 2J ).
Next, crude NE from mock-and TNF␣-exposed cells were preincubated with biotin-labeled G7 probes, and DNA-protein complexes were pulled down using magnetic streptavidin beads. Levels of bound proteins were evaluated by immunoblotting. Results show that OGG1 bound to 8-oxoG-containing probe G7 in the NE of OGG1-expressing cells (Fig. 3A, upper  panel) . As expected, there was ϳ10 times less OGG1 association with G7 probe in NE isolated from OGG1-depleted cells (Fig. 3A, upper panel) . There was no detectable OGG1 binding to WT probe (Fig. 3A, middle panel) . In controls, blots were probed using Abs to RelA(p65) and p50. Results show that TNF␣ exposure increased the association of both RelA(p65) and p50 with G7 and WT probes (Fig. 3A, upper and middle panels) . Importantly, OGG1 depletion substantially decreased levels of NF-B that were pulled down using G7, whereas no change was observed using WT probe (Fig. 3A) . Because the only difference between WT and G7 is an OGG1 substrate 8-oxoG located 11 bp upstream from the NF-B-binding site, these results strongly suggest involvement of OGG1 in the increased DNA occupancy of NF-B. We note that NEs were isolated from cells expressing poly(ADP-ribose) polymerase-1 (PARP1) and ribosomal protein S3 (RSP3), so their concerted action with OGG1 may not be excluded. Both PARP1 and RSP3 have previously been shown to modulate DNA occupancy of NF-B (41, 42) .
To confirm OGG1-facilitated NF-B binding to G7 probe (and exclude potential roles of PARP1 as well as RPS3), recom- NEs from TNF␣-exposed OGG1-expressing cells were isolated at 30 min, and EMSAs were performed using probes lacking (WT) or containing 8-oxoG (G1 to G11) in sense (5Ј-TG 7 GGG 8 AGT GTG 5 AG 1 G 2 G 3 G 4 TAT CCG 6 AT GCTTG-3Ј) and complementary strand (3Ј-ACCCCTCACACTCCCCATAG 9 G 10 AACTAC G 11 AAC-5). Inset, graphical depiction of NF-B binding to individual probes (n ϭ 3). Band intensities of p50 homodimers and p50-p65 heterodimers were determined by densitometry using ImageJ software (version 1.44). D, NF-B's occupancy of its binding site within G7 and G8 probes is specific. Crude NEs from OGG1expressing cells were incubated with cold probe containing the IB motif, and then G7 or G8 was added, and EMSAs were performed. E, OGG1 increases in occupancy of NF-B's on DNA containing 8-oxoG 11 bp upstream of its binding site. Crude NEs from TNF␣-exposed, OGG1-expressing cells were diluted stepwise (2, 1, 0.5, and 0.25, 0.125, and 0.006 g per assay) and added to WT (left side) and G7 (right side) probes for 5 min, and EMSA was performed. Inset, fold increases in occupancy of homo-and heterodimeric NF-B on the G7 probe (n ϭ 3). Band intensities were determined by densitometry using ImageJ software, and fold changes in binding were calculated. F, binding of NF-B to WT and 8-oxoG-containing probes. Recombinant p50 (3.75 ng) and RelA(p65) (2.75 ng) proteins were annealed in binding buffer for 60 min, and then individual probes were added for 5 min, and mixtures were subjected to EMSA. Inset, graphical depictions of changes in band intensities of p50-p50 homodimers and p50-p65 heterodimers. Band intensities were determined using ImageJ software (version 1.44), and fold changes were calculated (n ϭ 3). G, occupancy of NF-B on DNA, containing 8-oxoG within and adjacent to its motif. Upper panel, crude NEs (2 g per assay) from OGG1-expressing, mock-, or TNF␣-exposed cells were added to probes lacking (WT) or containing 8-oxoG within (G1) or 11 bp upstream of NF-B's binding sequence (G7). Inset, longer exposure. Lower panel, NF-B's DNA occupancy on G7 probe in crude NEs from Ogg1 ϩ/ϩ and Ogg1 Ϫ/Ϫ cells. H, NF-B's occupancy of DNA-containing 8-oxoG within its binding motif is re-established in NE from OGG1-depleted cells. OGG1 siRNA and control siRNA-transfected cells were TNF␣-exposed (30 min), and NEs were prepared to perform EMSAs using the G1 probe. I, occupancy of NF-B on 8-oxoGcontaining DNA is diminished in NEs isolated from OGG1-depleted cells. OGG1 and control siRNA-transfected cells were TNF␣-exposed for 30 min, NEs were prepared to perform EMSAs using the 8-oxoG-containing G7 probe (8-oxoG is 11 bp distance from its binding site). Lane 1, control; lane 2, TNF␣-exposed OGG1-expressing; lane 3, mock-exposed OGG1-depleted; lane 4, TNF␣-exposed, OGG1-depleted. J, OGG1 has insignificant impact on TNF␣-induced nuclear translocation of RelA(NF-B). Cells were TNF␣-exposed for 30 min, and NEs were prepared. Proteins were fractionated by SDS-PAGE and immunoblotted using Abs to RelA(NF-B) or OGG1. Quality control of NEs: 5 g per lane, NEs were SDS-PAGE-fractionated and immunoblotted using Abs to tubulin and histone H1. A, B, and D-J, NEs were prepared from HEK293 cells; NS, nonspecific; TNF, human gene encoding for TNF␣; WT, is a 31-bp DNA probe without 8-oxoG; G1 to G11 are 31-bp DNA probes containing 8-oxoG. DECEMBER 2, 2016 • VOLUME 291 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 25557 binant proteins (RelA(p65) R and p50 R ) were mixed with OGG1 R and added to a streptavidin bead-conjugated G7 probe. Immunoblotting of bound proteins show that RelA(p65) R and p50 R as well as OGG1 extensively bound to the G7 probe (Fig.  3B, lane 1) . In the absence of OGG1, binding of RelA(p65) R and p50 R was notably less (Fig. 3B, lane 2) . RelA(p65) R alone did not bind (Fig. 3B, lanes 2 and 4) as the G7 probe lacks a p65binding site (5Ј-GGAATTTTC-3Ј) (26) . As markers, OGG1 R , RelA(p65) R , and p50 R were directly loaded into SDS-PAGE (Fig. 3B, lanes 7-9) . Densitometry of band intensities (in lanes 1 and 2) revealed a significantly increased association of p50 R and RelA(p65) R with DNA in the presence of OGG1 compared with their levels without it (Fig. 3B, right panel) . These results together support a role of OGG1 in NF-B's DNA occupancy.
OGG1 Modulates NF-B DNA Interface
Results from pulldown assays were confirmed using EMSA. RelA(p65) R plus p50 R was added to the G7 probe simultaneously with increasing amounts of OGG1 R . Results show increased occupancy of both homo-and heterodimeric NF-B in an OGG1 concentration-dependent manner (Fig. 3C, lanes  5-8) . OGG1 alone bound to the 8-oxoG-containing probe (Fig.  3C, lanes 1-4) similar to that documented previously (43) (44) (45) . Surprisingly, NF-B being in the assay mixture significantly increased the levels of OGG1-DNA complexes (Fig. 3C, lanes  5-8) . The NF-B-mediated increase in DNA binding of OGG1 is a novel observation, and its significance is the focus of our investigations.
The increase in NF-B's DNA occupancy in the presence of OGG1 (Fig. 2C ) raises the possibility of protein-protein interactions. To explore this, pulldown assays were performed. OGG1 interacts with both subunits of NF-B (Fig. 3D ). Densitometry of band intensities revealed a more abundant interaction between OGG1 and p50 R compared with OGG1 and RelA(p65) R (Fig. 3D, right panel) .
The observed increase in NF-B's DNA occupancy in NEs and that of recombinant NF-B subunits in the presence of OGG1 (Figs. 2, C and E and 3, B and C) , the time required for NF-B's DNA occupancy was determined with and without OGG1. Annealed NF-B subunits were mixed with OGG1 (or same volume of binding buffer), and G7 probe was added for increasing lengths of time. Results from EMSAs showed that OGG1 accelerated interactions between DNA and homo-and heterodimeric forms of NF-B (Fig. 4, A and B) . For example, at 1 min in the presence of OGG1, levels of DNA-associated p50-p50 R and p50-RelA(p65) R were similar to that of 8 min without OGG1 (compare lane 8 to lane 10, in Fig. 4A ). OGG1 had no effect on homo-or the heterodimer occupancy of WT probe (lacking 8-oxoG).
OGG1 Augments NF-B-driven Gene Expression-OGG1expressing and depleted cells were TNF␣-exposed and mRNA levels were determined. In OGG1-depleted cells, TNF␣ stimulation produced significantly lower TNF mRNA levels (Fig. 5A , left panels) compared with those in OGG1-expressing HEK293 cells (Fig. 5A, right panel) . Similar results were obtained using airway epithelial (MLE12) cells (Fig. 5B, left and right panels) . OGG1 depletion also decreased mRNA levels of CCL20 and CXCL1. TNF␣ exposure had only a marginal effect on B2M mRNA levels (Fig. 5C ) in line with the lack of an NF-B motif in its promoter (30) . OGG1 siRNA had no effect on B2M mRNA levels. A decrease in mRNA levels of TNF, CXCL1, and CCL20 in OGG1-depleted cells was similar to those observed in the IB kinase inhibitor (BMS-345541)-treated (46) TNF␣-exposed cells (Fig. 5E ). In controls, silencing NEIL1 expression had no effect on mRNA levels, whereas NEIL2 silencing somewhat increased it (Fig. 5D ), an observation being followed up in future investigations.
Next, TNF promoter containing three putative NF-B-binding sites was cloned into a pGL4.2 vector containing luciferase (TNF-pGL4.2-Luc). The TNF-pGL4.2-Luc vector was transfected into OGG1-silenced and -expressing cells and then TNF␣-exposed. Results showed that Firefly-Luc mRNA levels were significantly lower in OGG1-depleted compared with that in OGG1-expressing ones (Fig. 5F) . To test whether transcriptional events were primarily NF-B-dependent, the TNF-pGL4.2-Luc expression construct was co-transfected with an NF-B super-repressor (IBSR)-expressing vector leading to an Ͼ80% decrease in Firefly-Luc mRNA levels (Fig. 5G ). Together, these data underline the significance of OGG1 in NF-B-driven gene expression, and these data are in line with those showing OGG1-mediated increases in DNA occupancy of NF-B.
Discussion
Damage to genomic DNA is an inevitable event upon an increase in ROS levels generated by ligand-receptor interactions, metabolic processes, and/or environmental exposures. One of the most prevalent reactions of ROS with DNA is oxidation of guanine to 8-oxoG. 8-OxoG can modify gene transcriptional output directly by altering DNA-transacting factor interactions or through DNA repair intermediates (e.g. AP-sites) (47) . As cellular response(s) to stimuli are prompt, we hypothesized that DNA base lesions and their cognate repair protein OGG1 are utilized in transcriptional gene activation. Here, we present experimental evidence showing that NF-Bdriven gene expression requires enrichment of 8-oxoG and oxidatively modified OGG1 in the promoter sequences after TNF␣ exposure of cells. OGG1 bound to 8-oxoG facilitates NF-B's DNA occupancy. OGG1 depletion decreased both NF-B's association with promoter and cellular transcriptional response to challenge. These studies are the first to document a novel paradigm wherein OGG1 bound to its substrate functions in the epigenetic regulation of gene expression in oxidatively stressed cells.
To test the potential implication of OGG1 in NF-B-driven gene expression, we examined a stimulus-specific OGG1 enrichment in TNF, CCL20, and CXCL1. In our detailed analyses, using the TNF gene promoter (as an example), sequence alignments consistently show that enrichment peaks of OGG1 are located in close proximity to the NF-B motifs. Importantly, similar to NF-B, OGG1's enrichment peaks were localized to distinct genomic region(s) (mostly at regulatory sequences) and were not distributed along the genome as expected from a genome-wide distribution of 8-oxoG and OGG1's evolutionally conserved role in executing unbiased repair of DNA (48) . Enrichment of OGG1 in promoter regions co-existed with increased levels of 8-oxoG (and/or FapyG), implying that OGG1 likely binds to its substrate. We also observed oxidative modification to OGG1 at cysteine (sulfenic DECEMBER 2, 2016 • VOLUME 291 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 25559 acid), and nearly undetectable enzymatic activity has previously been documented (29, 49, 50) .
OGG1 Modulates NF-B DNA Interface
Enrichment of OGG1 on the promoter preceded NF-B's DNA occupancy, and OGG1 depletion resulted in a decreased level of NF-B binding. For specificity, we show that depletion of NEIL1, whose substrates include thymine glycol, 5-hydroxycytosine guanidine-hydantoin, 5-hydroxyuracil, and spiroiminodihydantoin (51), had no effect on NF-B's DNA occupancy. Interestingly, the lack of NEIL2 (whose primary substrates are oxidized cytosine (31, 51)) had substantially increased occupancy of NF-B on the TNF promoter in the context of chromatin. It may not be related to the observed enhancement of NF-B binding, but a recent study showed an increased inflammatory response of Neil2 Ϫ/Ϫ mice to oxidative stress, TNF␣, or LPS (52) .
When 8-oxoG was placed within or 2, 3, or 5 bp (5Ј or 3Ј) distance from the NF-B-binding motif in probes, EMSA consistently showed a decrease in DNA occupancy of homo-and heterodimeric NF-B. As crude NEs contain both proteins, these observations suggest a physical interference of 8-oxoGbound OGG1 with NF-B binding. Indeed, OGG1's DNA "footprint" covers up to 8 bp around 8-oxoG (39, 40) . These data also indicate that OGG1 has a higher affinity for 8-oxoG compared with the affinity of NF-B to its binding sequence. In support of this, occupancy by NF-B of DNA containing 8-oxoG was re-established in NEs isolated from OGG1-de-pleted cells. A recent study documented similar results; OGG1 inhibited binding of cyclic AMP-response element-binding protein 1 to CRE-containing probe when 8-oxoG was placed within its binding site (53) .
Importantly, when 8-oxoG was placed in the synthetic probes outside of OGG1's "footprint" (39, 40) at 8 -11 bp from the NF-B-binding motif, OGG1 increased its DNA occupancy. Compared with DNA lacking 8-oxoG, the levels of DNA-associated p50-p50 and p50-RelA(p65) were higher by ϳ15and ϳ25-fold, respectively. Moreover, in the presence of OGG1, the time required for DNA occupancy of homo-and heterodimeric NF-B was significantly decreased compared with those without OGG1 in the reaction mixture. The mechanism by which OGG1 increases NF-B binding is unknown; however, one may propose that OGG1-induced DNA architectural changes are creating a specific interface in DNA that allows for the recognition of motifs in chromatin possibly lowering the previously documented energy need of NF-B for "twisting" DNA (54) . Our studies performed in vitro show that a minimum 8-bp distance was needed between OGG1-8-oxoG and NF-B-binding site; however, the distance could be more as facilitation of NF-B's DNA occupancy by sequence-specific transcription factors may occur from Ն20 bp (55) (56) (57) (58) . OGG1mediated DNA architectural changes are well documented (39, 40) . . OGG1-dependent gene expression in TNF␣-exposed cells. A and B, OGG1-dependent gene expression from TNF/Tnf promoters. Left panels, parallel cultures of cells were transfected with control siRNA (Ⅺ) or siRNA to OGG1 (f), and cells were exposed to TNF␣ (20 ng/ml) for 30 min. TNF mRNA levels were determined by RT-PCR. A and B, insets, expression of OGG1 at protein levels in cells after two cycles of transfections of cells with siRNA (Western blotting analysis). A and B, right panels, HEK293 and MLE-12 cells were exposed to TNF␣ (20 ng/ml), and mRNA levels were determined by RT-PCR at the time points indicated (n ϭ 3). C, OGG1-dependent expression of CCL20 and CXCL1 mRNA. Cells were transfected with control siRNA (Ⅺ) or siRNA to OGG1 (f) and TNF␣-exposed (20 ng/ml). In controls, expression from B2M was tested. mRNA levels were determined at 30 min by RT-PCR (n ϭ 3). D, depletion of NEIL1 and NEIL2 has no significant impact on TNF mRNA levels. Parallel cultures of cells were sequentially transfected with control siRNA (Cont) or siRNA to NEIL1, NEIL2, or OGG1. Inset, Western blotting analysis of protein levels. TNF␣ (20 ng/ml) was added for 30 min, and RNAs were isolated. mRNA levels of TNF were determined by RT-PCR (n ϭ 3). E, IB kinase inhibitor BMS-345541 decreases gene expression. Cells were pretreated with BMS-345541 (10 M) for 3 h, and TNF␣-exposed (20 ng/ml). mRNA levels were determined at 30 min by RT-PCR (n ϭ 4). F, decreases in luciferase mRNA expression driven by TNF promoter in OGG1-depleted cells. OGG1 was depleted by siRNA, and cells were transfected with pGL4.2-Luc vector containing a promoter region (Ϫ974 ϩ 90 bp) of human TNF (see under "Experimental Procedures"). mRNA expression levels of firefly luciferase were assessed at 30 min after mock (Ⅺ) or TNF␣ (f) exposure (n ϭ 4). G, NF-B-dependent expression from the TNF promoter. Cells were co-transfected with IB super-repressor (IBSR) and pGL4.2-Luc, and then mock-exposed (Ⅺ) or TNF␣-exposed (f, 20 ng/ml). mRNA levels of firefly luciferase were assessed by RT-PCR (n ϭ 3). ** ϭ p Ͻ 0.01; *** ϭ p Ͻ 0.001. HEK293 cells were utilized for experiments described in C-G. OGG1, 8-oxoguanine DNA glycosylase-1; 
OGG1 physically interacts primarily with the heterodimeric NF-B. These results predict OGG1's interaction with NF-B⅐ DNA complex; however, such a complex was not observed using EMSA (supershift). It is possible that OGG1⅐NF-B ternary complex is disrupted under electrophoretic conditions or the complex is transient similar to those described, e.g. for interaction between OGG1 and special AT-rich sequencebinding protein-1 (59) , allowing us to observe individual NF-B⅐DNA and OGG1⅐DNA complexes. In support of a ternary complex, we have shown that OGG1 is present in the transcriptional complex along with NF-B(RelA), Sp1, TFII-D, and p-RNA⅐polymerase II only in TNF␣-exposed cells (29) .
An unexpected observation was that NF-B increased association of OGG1 with substrate-containing DNA, pointing to a novel discovery-bidirectional interaction between NF-B and OGG1. Because the underlying molecular mechanisms and significance have yet to be elucidated, one may propose that increased (or prolonged) OGG1-DNA interaction by NF-B could have a role in gene expression in which repair of DNA base lesions is delayed for the time period of cellular response. Nonetheless, the observed cooperative binding points to a yet to be discovered regulatory mechanism(s) that may exist in oxidatively stressed cells.
The decreased expression of NF-B-driven genes (e.g. TNF, CXCL1, and CCL20) in OGG1-depleted TNF␣-exposed cells is alarming. Both TNF␣-receptor-and ROS-induced signaling are potent inducers of NF-B activation, its nuclear translocation, and gene expression (33, 60) . As OGG1 depletion did not affect the level and nuclear translocation of activated NF-B, these data point to the importance of oxidative guanine modification(s) in promoters in cytokine-induced gene expression. Because the promoter of genes encoding for TNF␣, CXCL1, and CCL20 are guanine-rich, one may extend our observations to those genes with guanine-rich regulatory regions, including RNA pol II-dependent ones (21, 22) .
OGG1 is an authentic DNA repair protein, which is continuously searching for damage while migrating/diffusing along the DNA strands (48) . When damage is detected, OGG1 diffusion significantly decreases in parallel with its actions (39) involving the following: 1) intrusion of its amino acid residues into the DNA helix; 2) extraction of the damaged base from the DNA; 3) its insertion into OGG1's active-site pocket; and 4) un-stocking cytosine opposite to 8-oxoG from the DNA helix. These events result in a 5Ј sharp (ϳ70°) bending of the DNA duplex and architectural changes at the site of action and in adjacent sequences as well (39, 61) , which could facilitate NF-B binding to its DNA motif. In support of this idea, OGG1 1) increased/accelerated DNA occupancy of NF-B, and 2) a lack of OGG1 in assay buffer decreased NF-B's DNA binding. Importantly, OGG1-depleted cells showed 3) pretreatment levels of NF-B binding; 4) OGG1 binding to promoter preceded DNA occupancy of NF-B; and 5) OGG1 depletion decreased NF-B-driven gene expression. Although these results may be predicted from cooperative associations among partner transcription factors (28, 55, 58, 62) , they also point to a new paradigm utilization of OGG1-mediated DNA architectural changes in transcription factor binding.
The role of OGG1 in gene expression is not entirely novel. For example, demethylation of histone 3 at lysine generates focal ROS, which oxidize guanine to 8-oxoG in the surrounding DNA, and the OGG1-generated DNA single strand gap recruit topoisomerase II␤ to induce chromatin remodeling to ensure efficient expression of genes, including c-Myc (17, 18) . Follow-up studies found that DNA base modifications and ssbs adjacent to hypoxia-response elements were accompanied by recruitment of BER enzymes (OGG1 and AP-endonuclease1) and gene expression (19, 32) . In our studies, generation of gaps in DNA strands (AP sites and DNA ssbs) after TNF␣ exposure was under the detectable level. These deviations among data can be explained by differences in gene regulation-pro-inflammatory genes versus hypoxia and estrogen-response genes or the way OGG1-8-oxoG is utilized by NF-B versus estrogen receptor or the hypoxia-inducible factor.
Overall, it is evident that not only the release of NF-B from inhibitory complexes in the cytoplasm and its nuclear translocation but also access of NF-B to the binding motifs in the chromatin are also actively controlled, the mechanism of which is poorly understood (28, 63) . In our model, binding of the authentic DNA repair protein OGG1 to its substrate induces architectural changes in DNA and modulates the transcription factor (NF-B)-DNA interface (Fig. 6) . These repair-associated changes within the chromatin may be considered an unex-FIGURE 6. Model is shown for OGG1-mediated "homing" of NF-B. OGG1 is a prototypic base excision repair protein, which searches for its substrates oxoG FapyG) in DNA (48) . ROS-induced damage to DNA and OGG1's oxidative modification at cysteine (OGG1-SH 3 OGG1-S-OH) are inevitable events. OGG1-S-OH has a compromised base excision activity, although it is capable of base extrusion from DNA helix and interaction with the opposite cytosine and structural DNA modifications adjacent to its DNA footprint (39) . OGG1-driven architectural DNA modification is utilized by NF-B subunits for DNA occupancy. OGG1, 8-oxoguanine DNA glycosylase-1; oxoG, 8-oxoguanine; CBP/p300, cAMP-response element-binding protein (transcriptional co-activator); RNA pol II, RNA polymerase II; RelA(p65), 65-kDa regulatory subunit of NF-B; p50, 50-kDa protein A DNA-binding subunit of NF-B; 5Ј-GGGRNYYYCC-3Ј, NF-B binding motif; G, guanine; R, purine; Y, pyrimidine; N can be any nucleotide (26) . DECEMBER 2, 2016 • VOLUME 291 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 25561 plored epigenetic regulatory mechanism of gene expression where an oxidatively modified base and its cognate repair protein are utilized by transcriptional machinery to provide timely cellular response upon oxidative exposure.
Experimental Procedures
amide, 200 units/ml catalase, and 0.1 mM 3-(2,4-dioxocyclohexyl)propyl 5-((3aR,6S,6aS)-hexahydro-2-oxo-1H-thieno [3,4-d] imidazol-6-yl)pentanoate (DCP-Bio1; KeraFAST, Inc., Boston) as documented previously (34) . NEs were clarified, and the supernatants were incubated with 30 l of protein G-Sepharose (Millipore Corporation Billerica, MA) at 4°C for 1 h. The precleared supernatants were then incubated with Ab against FLAG for 3 h and added to protein G-Sepharose for 3 h. The immunoprecipitates were resolved by SDS-PAGE, and OGG1-DCP-Bio1 was detected by streptavidin-conjugated horseradish peroxidase (HRP)-coupled chemiluminescence.
EMSA-NEs were prepared using CelLytic TM NuCLEAR TM extraction kit (NXTRACT, Sigma), and protein concentration was determined with the DC TM protein assay kit (Bio-Rad). Biotinylated wild-type and 8-oxoG and NF-B-binding site containing double-stranded oligonucleotide probes were used for EMSA. Probes (10 fmol) were mixed with NE (2 g) in buffer containing 2 mM HEPES (pH 7.5), 4 mM KCl, 1 mM dithiothreitol (DTT), 0.25 mM MgCl 2 , 0.001% Nonidet P-40, 50 ng/l of poly(dI-dC), and 1 mg/ml BSA. EMSAs for recombinant NF-B subunits (RelA(p65 R ) and/or p50 R ) were first annealed in 10 mM Tris (pH 7.5), 5 mM NaCl, 1 mM DTT, and 1 mM EDTA at 37°C for 1 h. The mixture was incubated with synthetic DNA probes for 5 min at room temperature or 10 min at 4°C. Unlabeled probe was used for competition experiments. Samples were resolved on a 6% DNA retardation gel (Invitrogen) in 0.25ϫ Tris/borate/EDTA (TBE) buffer. Visualization of NF-B⅐ DNA complexes was carried out with LightShift chemiluminescent EMSA kit (Thermo Scientific) with modifications.
Streptavidin Pulldown Assay-Streptavidin-Dynabeads (catalog no. 11205D, Invitrogen) were blocked with 1 mg/ml BSA, washed, and incubated for 30 min with biotin-labeled probe(s) containing the NF-B-binding motif. Unbound probes were removed by washing, and NE (20 g per assay) (or recombinant p50, p65, or OGG1) was added in binding buffer at room temperature for 10 min. The streptavidin⅐probe⅐protein complexes were washed three times with binding buffer, and gel-loading buffer was added. Proteins were separated using SDS-10% polyacrylamide gel. Protein were transferred to nitrocellulose membranes, blocked in 5% nonfat dry milk containing TBST (20 mM Tris base, 50 mM NaCl, 0.05% Tween 20 (pH 7.5)), and then incubated for 3 h at 4°C with primary Ab(s) to p50, RelA(NF-B), or OGG1, washed with TBST, and subsequently incubated with HRP-conjugated secondary Ab(s) at a 1:4000 dilution (Southern Biotech, Birmingham, AL). The chemiluminescent signals were detected using the ECL Plus detection system (GE Healthcare, Buckinghamshire, UK).
GST Pulldown Assay-A GST-OGG1 construct was obtained by inserting the coding sequence of human OGG1 into vector pGEX 4T-2 via its EcoRI and XhoI restriction enzyme sites. GST-OGG1 and GST were expressed in Escherichia coli strain BL-21 (DE3). GST-OGG1 was purified on glutathione-Sepharose 4B beads per the manufacturer's instructions (Amersham Biosciences). To test whether OGG1 interacts with recombinant NF-B complex (p50 and p65), GST-OGG1 pulldown assays were conducted. Briefly, recombinant NF-B subunit proteins (p50 R , 20 ng of p65 R , 15 ng per assay) were annealed in 200 l of binding buffer at 37°C for 1 h, and gluta-thione-Sepharose beads (20 l) coated with GST or GST-OGG1 were then introduced into the reaction buffer. After 1 h of incubation, the beads were collected by centrifugation and washed three times with ice-cold binding buffer. Bound proteins were then subjected to SDS-PAGE and detected by immunoblotting using Abs against p50, p65, and GST.
DNA Cleavage Assays Using OGG1-OGG1's base excision activity was determined using a 40-mer oligonucleotide containing an 8-oxoG at position 19 and labeled at the 3Ј end with Cy5 (5Ј-AGAGAAGAAGAAGAAGAA(8oxoG)AGATGGGT-TATTCGAACTAGC/3Cy5Sp/-3Ј) (substrate-Cy5), as we previously described (66) . In a standard excision reaction, recombinant OGG1 was added to a 10-l reaction mixture containing 200 fmol of the substrate Cy5-labeled duplex in 20 mM Tris-HCl (pH 7.1), 1 mM EDTA, 100 mM NaCl, 1 mg/ml bovine serum albumin (BSA), and 5% glycerol. After 15 min at 37°C, the excision reaction was stopped by adding 4 l of formamide dye and heated for 5 min at 95°C. The cleaved product was separated from the intact substrate in a 20% polyacrylamide gel containing 8 M urea in TBE buffer. Fluorescence in the separated DNA bands was visualized using a LI-COR Odyssey CLx system (LI-COR Biosciences, Lincoln, NE).
ChIP-ChIP assays were performed as described by "ChIP-Sequencing guidelines and Practices" of the ENCODE and modENCODE consortia (67) using slight modifications (68) . Briefly, FLAG-OGG1-transfected HEK 293 cells (10 7 ) were stimulated with TNF␣ (20 ng/ml) for 0, 15, 30, and 60 min, and DNA⅐protein were cross-linked with 1% paraformaldehyde and sheared (average 300 bp) with 10-s pulses using Cole-Parmer's GEX 130 Ultrasonic processor (Vernon Hills, IL) set to 30% of maximum power. DNA⅐protein complexes were immunoprecipitated with ChIP quality Abs (NF-B-RelA, catalog no. sc-372X; IgG, catalog no. sc-2027; Santa Cruz Biotechnology; anti-FLAG Ab, catalog no. F1804, Abcam (Cambridge, MA)), using a magna ChIP TM G kit (Millipore, Billerica, MA). The precipitates were washed three times, de-cross-linked, and subjected to qPCR. The following were used: TNF primers (Ϫ293 to Ϫ64 bp): F, 5Ј-CCTCCAGGGTCCTACACACA-3Ј, and R, 5Ј-AGGAAGTTTTCCGCTGGTTGA-3Ј; CCL20 primers (Ϫ280 to Ϫ58): F, CCCCTCCTCCTTGACTGGTT, and R, 5Ј-GCAACACGCCTTCTGTGTAC-3Ј; CXCL1 (GRO ␣) primers (Ϫ412 to Ϫ185 bp): F, 5Ј-TCTTCCTCCAAAGAGGTCGC-3Ј, and R, 5Ј-GCCTCGCCCTTCAGAGTAAC-3Ј; and B2M, F, 5Ј-TTAATGTGCCTCCAGCCTGA-3Ј, and R, 5Ј-GCAGTGC-CAGGTTAGAGAGAG-3Ј.
ChIP-Seq-To prepare samples for ChIP-Seq, the immunoprecipitated DNA was isolated, and DNA fragments were gelpurified. Sequencing analyses (10 ng of ChIP DNA) were performed at the University of Texas Medical Branch Next-Generation Sequencing (NGS) Core Facility (Dr. Thomas G. Wood, Director) using Illumina HiSeq 1500 sequencing system (Illumina Inc., San Diego). ChIP-Seq data have been deposited in the Gene Expression Omnibus (GEO), NCBI, and is accessible through GEO series accession no. GSE75652.
CHIP-Seq Data Analysis-All sequence reads produced by the Illumina sequencing system were analyzed by BioInfoRx, Inc. (University Research Park, Madison, WI). In brief, quality of raw data (bam files) was determined by FastQC program.
